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The in-gas laser ionization and spectroscopy technique has been developed at the Leuven isotope
separator on-line facility for the production and in-source laser spectroscopy studies of short-lived
radioactive isotopes. In this article, results from a study to identify efficient optical schemes for
the two-step resonance laser ionization of 18 elements are presented. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4850695]
I. INTRODUCTION
Resonance laser ionization1 is a powerful method for the
production of radioactive ion beams at on-line facilities. Since
the early 1990s this method has been developed and used at
the Leuven isotope separator on-line (LISOL) ion source for
in-gas-cell laser ionization.2–4 The in-gas laser ionization and
spectroscopy (IGLIS) technique is applied to produce short-
lived radioactive beams in different regions of the chart of nu-
clides using light- and heavy-ion induced fusion-evaporation
or fission reactions. Nuclear-reaction products are thermal-
ized in a gas cell filled with a high-pressure noble gas and
neutralized in their ground- and possibly low-lying metastable
atomic states. Subsequently, they are transported by the gas
flow towards the exit orifice of the cell. Shortly before leaving
the gas cell, the atoms of interest undergo element-selective
two-step resonance laser ionization. Outside the gas cell the
laser-produced ions are captured by the radio frequency (RF)
field of a SextuPole Ion Guide (SPIG) for further transport
towards the mass separator.
Recently, a dual chamber gas cell concept in which the
laser ionisation region is separated from the ion stopping
region has been realized and tested on-line.5 With this
geometry the recombination of laser-produced ions, due to
the plasma created by the primary beam, can be reduced
and the ion source efficiency increased. The reduced plasma
density also allows collecting unwanted ions using electrical
fields, thus increasing the ion source selectivity to values
above 2000. Using this approach nuclear magnetic moments
of copper and silver isotopes produced in light/heavy-
ion-induced fusion-evaporation reactions have been
measured.6, 7
The spectral resolution of the IGLIS method can be im-
proved by more than one order of magnitude using in-gas
jet laser resonance ionization spectroscopy.8, 9 Low tempera-
ture and low atom density in the supersonic gas jet stream-
a)Contributed paper, published as part of the Proceedings of the 15th
International Conference on Ion Sources, Chiba, Japan, September 2013.
b)Author to whom correspondence should be addressed. Electronic mail:
yuri.kudryavtsev@fys.kuleuven.be.
ing out of the gas cell reduce the Doppler broadening and
suppress the collision broadening mechanism. Results from
recent laser spectroscopy studies in a free gas jet using crossed
laser beams and a bent radio frequency quadrupole ion guide
system have been published recently.9
A key element in the IGLIS approach is the total ef-
ficiency of the ion source that is determined, in particular,
by the efficiency of the laser ionization process. The tun-
able laser radiation for step-wise excitation and ionization
is provided by two dye lasers, which are pumped by UV
(308 nm) lasers. With this laser system any wavelength in
a wide spectral range between 205 nm and 860 nm can be
obtained making two-step ionization schemes sufficient to ac-
complish the ionization process for about 80% of the elements
in the periodic table. The efficiency of the ionization pro-
cess is usually determined by the cross section of the second
step transition, the best result being reached when ionization
takes place via an autoionizing state. A recent review of the
production of radioactive ion beams for atomic and nuclear
physics experiments using resonance laser ionization can be
found in Refs. 10 and 11. In the present article, ionization
schemes developed at LISOL over the last two decades are
summarized.
II. LASER SYSTEM AT LISOL
The LISOL laser system has been described earlier.3 It
consists of two time-synchronized excimer XeCl lasers (308
nm, Lambda Physik LPX240i) that pump two dye lasers
(Lambda Physik Scanmate 2E) with a maximum pulse rep-
etition rate of 200 Hz. The pulse width of the dye lasers is
15 ns and the tuning range in the fundamental wavelength is
332–860 nm, with a spectral bandwidth of about 0.15 cm−1.
The tuning range is extended down to 205 nm by using a
frequency-doubling unit. For the second step dye laser an ab-
solute wavelength accuracy of ±25 pm was obtained. How-
ever, this limited accuracy does not hamper the measure-
ment, as, for most autoionizing states, the line width exceeds
the wavelength accuracy range. The step-wise laser ioniza-
tion was performed in a reference cell with a cross-beam
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TABLE I. Two-step laser ionization schemes investigated at LISOL. λ1, λ2 – the wavelength of the first- and the second step excitation transition, respectively;
E0, E1, E2 – energy of the initial, the intermediate, and the autoionizing levels, respectively; the electron configurations and terms of the initial E0 and the
intermediate E1 levels; A01 – atomic transition probability; E1-2 – energy of the second step transition; EIP – the first ionization potential; E2 − EIP – energy
above ionization potential.
λ1, air E0 E1 A01 λ2, air E12 EIP E2 E2 − EIP
Z Element nm cm−1 Configuration Term cm−1 Configuration Term s−1 nm cm−1 cm−1 cm−1 cm−1
22 Ti 395.821 387 3d24s2 3F4 25 643.70 3d3(4F)4p 3D◦3 4.88E + 07 339.35 29 460 55 072.5 55 103 31
23 V 385.536 0 3d34s2 4F3/2 25 930.55 3d4(5D)4p 4F◦3/2 3.30E + 07 342.86 29 158 54 411.7 55 089 677
24 Cr 335.196 0 3d5(6S)4s 7S3 29 824.75 3d4(5D)4s4p 5Po3 1.20E + 05 393.81 25 386 54 575.6 55 211 635
Cr 337.916 0 3d5(6S)4s 7S3 29 584.62 3d4(5D)4s4p 5Po2 9.90E + 04 393.53 25 404 54 575.6 54 988 413
25 Mn 279.482 0 3d54s2 6S5/2 35 769.97 3d5(6S)4s4p(1P◦) 6P◦7/2 3.70E + 08 379.30 26 357 59 959.4 62 127 2167
Mn 279.827 0 3d54s2 6S5/2 35 725.85 3d5(6S)4s4p(1P◦) 6P◦5/2 3.60E + 08 381.12 26 231 59 959.4 61 957 1997
26 Fe 229.817 0 3d64s2 5D4 43 499.50 3d6(3P)4s4p(3P) 5D◦4 3.09E + 07 493.80 20 245 63 737.0 63 745 8
27 Co 230.901 0 3d74s2 4F9/2 43 295.29 3d7(2G)4s4p(3Po) 4Fo9/2 5.59E + 07 481.90 20 745 63 564.6 64 040 476
28 Ni 232.003 0 3d8(3F)4s2 3F4 43 089.58 3d8(3F)4s4p(1P◦) 3G◦5 6.94E + 08 537.84 18 588 61 619.1 61 677 58
29 Cu 244.164 0 3d10(1S)4s 2S1/2 40 943.73 3d9(2D)4s4p(3P◦) 4P◦1/2 2.01E + 06 441.60 22 639 62 317.4 63 582 1265
Cu 327.395 0 3d10(1S)4s 2S1/2 30 535.30 3d10(1S)4p 2P◦1/2 1.36E + 08 287.90 34 724 62 317.4 65 259 2942
39 Y 355.269 0 4d5s2 2D3/2 28 139.65 4d 5s(1D)5p 2Po3/2 2.27E + 07 450.51 22 191 50 145.6 50 331 185
Y 359.291 0 4d5s2 2D3/2 27 824.65 4d 5s(1D)5p 2Po1/2 2.35E + 08 447.75 22 328 50 145.6 50 152 7
40 Zr 351.960 0 4d25s2 3F2 28 404.16 4d25s(2F)5p 3G◦3 . . . 391.26 25 551 53 506 53 955 449
Zr 355.046 0 4d25s2 3F2 28 157.32 4d25s(2F)5p 3F◦3 . . . 390.50 25 601 53 506 53 758 252
43 Tc 317.330 0 4d55s2 6S5/2 31 503.93 4d6(5D)5p 4P◦3/2 8.60E + 07 357.56 27 960 58 700 59 464 764
Tc 318.237 0 4d55s2 6S5/2 31 414.05 4d6(5D)5p 4P◦7/2 3.90E + 07 358.46 27 889 58 700 59 303 603
Tc 318.311 0 4d55s2 6S5/2 31 406.74 4d6(5D)5p 4P◦5/2 5.60E + 07 362.80 27 556 58 700 58 962 262
44 Ru 228.538 0 4d7(4F)5s 5F5 43 742.90 . . . . . . . . . 553.09 18 075 59 366.4 61 818 2452
45 Rh 232.258 0 4d8(3F)5s 4F9/2 43 042.31 . . . . . . . . . 572.55 17 461 60 160.1 60 503 343
46 Pd 244.791 0 4d10 1S0 40 838.87 4d9(2D5/2)5p 2[1/2]◦1 1.11E + 07 339.39 29 456 67 242 70 295 3053
Pd 247.641 0 4d10 1S0 40 368.80 4d9(2D5/2)5p 2[3/2]◦1 1.88E + 07 341.08 29 310 67 242 69 679 2437
47 Ag 328.068 0 4d10(1S)5s 2S1/2 30 472.70 4d10(1S)5p 2P◦3/2 1.47E + 8 308 32 458 61 106.5 62 931a 1824
49 In 410.175 0 5p 2P◦1/2 24 372.96 6s 2S1/2 5.00E + 07 448 22 315 46 670.1 46 688a 18
50 Sn 224.606 0 5p2 3P0 44 508.68 5p5d 3D◦1 1.48E + 8 627.91 15 921 59 232.7 60 430 1197
Sn 254.655b 0 5p2 3P0 39 257.05 5p6s 1P◦1 . . . 454.77 21 983 59 232.7 61 240 2007
89 Ac 418.312c 0 6d7s2 2D3/2 23 898.86 6d7s(3D)7p 4P◦5/2 . . . 439.25 22 766 43 394.45d 46 665 3270
aNo autoionization states detected.
bIonization scheme from Ref. 12.
cIonization scheme from Ref. 13.
dReference 14.
geometry where an atomic beam of the investigated element
was produced.
III. TWO-STEP IONIZATION SCHEMES
The schemes for two-step resonance laser ionization of
different elements are listed in Table I. These schemes were
obtained by tuning the first step laser into resonance with a
known first-step atomic transitions and scanning the second
step laser in the region above the first ionization potential. In
this way the observed resonances correspond to transitions to
autoionizing levels. As an example Fig. 1 shows scans of the
second step laser wavelength for technetium for different first
step transitions. The values of λ2 displayed in Table I cor-
respond to the maximum ion signals from Fig. 1. The elec-
tron configurations of the autoionizing levels have not been
identified.
Because of the high sensitivity of the technique a
sample containing only 1014 atoms of the long-lived
(T1/2 = 210 000 years) 99Tc isotope was sufficient to perform
laser spectroscopy and to find the ionization scheme (the sam-
ple was prepared in Johannes Gutenberg University at Mainz,
Germany). In some cases the autoionizing levels could be
characterized as shown in Fig. 2 where a scan of the 2nd step
FIG. 1. Wavelength scans of the second step laser for different first step tran-
sitions in Tc I: 317.330 nm, 318.237 nm, and 318.311 nm. The maximum of
the signal is indicated with the corresponding wavelength of the 2nd step.
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FIG. 2. Scan of the second-step wavelength for chromium atoms, λ1
= 337.916 nm.
wavelength is shown for chromium. It is interesting to note
that the observed autoionizing states are situated (see the last
column in Table I) in a range from just above the ionization
potential, 7–8 cm−1, for yttrium an iron, up to 3270 cm−1 for
actinium.
For silver and indium, the laser ionization was performed
via continuum as no autoionizing levels were identified start-
ing from the tabulated first step transitions. In case of sil-
ver the full power of the pumping excimer laser at 308 nm
was used to saturate the second step transition hereby using
an unstable resonator to reduce the divergence of the laser
beam.
These schemes are now available for studying exotic nu-
clei applying the IGLIS approach,9 but can also be used for
resonance ionization using the hot-cavity based system.10, 11
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